The reaction of vinylidene (CH2C) with acetylene may be an initiating reaction in soot formation.
I. INTRODUCTION
The formation of the first aromatic ring is widely held to be the rate limiting step in the formation of soot in the combustion of aliphatic fuels. One mechanism for the formation of the first aromatic ring involves stepwise addition of acetylenes to give first C4H 3 radical and then phenyl radical./The interaction of two ground state acetylene molecules with each other is expected to be repulsive by either Woodward-Hoffman rules 2 or the orbital phase continuity principle; 3 and in this work no low-energy pathway was found for the reaction of two ground state acetylenes. On the other hand, the reaction of vinylidene with acetylene is found to occur by a low-energy pathway as discussed here.
The vinylidene molecule has been studied extensively by both theory and experiment. The current state of knowledge has been summarized by Schaefer and co-workers. 4 Vinylidine is found to be a shallow minimum on the C2H 2 potential energy surface about 43 kcal/mol above acetylene and separated from acetylene by a barrier of about 3 kcal/mol (in addition to the exoergicity).
The vinylidene molecule has been observed experimentally in the high resolution stimulated emission pumping spectrum of acetylene 5 and in the ultraviolet photoelectron spectrum of 7 The lifetime of vinylidene has been estimated to be 0.04-0.20 ps. Vinylidene has also been proposed as an intermediate in the dimerization of acetylene. Kiefer et al. 8 have proposed that the thermal decomposition of vinylacetylene involves an initial elimination of vinylidene followed by rapid rearrangement of the vinylidene to a second acetylene. The derived barrier for this process suggests that the reverse process of addition of vinylidene to acetylene has little or no barrier.
Many of the stationary point structures discussed here have also been considered by Melius et al. 9 In vinylidene one 1r bond is lost compared to acetylene, but there is a strong angular correlation effect of the carbene electron pair in the direction of the missing _r bond. In the following it is useful to think of the electrons of the carbene electron pair as two sp 2 hybrid orbitals (referred to as lobes) which are singlet paired. Thus, the most important electron correlation effects for the vinylidene plus acetylene region of the potential energy surface are for the two 7r bonds in acetylene and the one _r bond and the carbene pair in vinylidene (8 active electrons).
II. QUALITATIVE FEATURES
By analogy to the reaction of CH(2II)+N2,12 the saddle point for the addition of vinylidene to acetylene involves a nearly parallel approach of the CH and acetylene as indicated in Fig bond of acetylene. This arrangement allows a high overlap to also be maintained between the other lobe of the carbene pair and the other p orbital of the in plane _r bond of acetylene. This leads to structure mini, the electronic structure of which is shown in Fig. l(d) . Figure l(d) has two in plane singly occupied orbitals; these are singlet paired due to through bond coupling effects (i.e., the singlet is lower in energy than the triplet). The conversion from min 1 to min2 (methylenecyclopropene) involves an inversion of the end CH group and a recoupling of the in-plane electrons, leading to the structure shown in Fig. 1(e) . Min2 can open leading to min3, which is shown in Fig. 1 that there is a small imaginary frequency corresponding to symmetry breaking. Thus, the true saddle point may be nonplanar. This effect, which was not investigated further, could lower the ban'ier for addition slightly. The remaining saddle points are true saddle points i.e., they have only one imaginary frequency.
IV. DISCUSSION
From Fig. 3 it is seen that sp2 is below mini at the ICCI+Q level of theory. This suggests that on the ICCI surface the energy decreases monotonically from sp I to min2.
Min2 (methylenecyclopropene)
is a deep minimum on the surface. Min3 appears to be a shallow minimum with saddle points sp3 and sp6 on either side of it. However, it is monotonically down hill from sp6 to min5 (vinylvinylidene). sp7 is 0.9 kcal/mol above vinylvinylidene, but with inclusion of zero-point effects sp7 is 1.5 kcal/mol below vinylvinylidene. Negative ion photodetachment experiments indicate that vinylvinylidene has a short lifetime with respect to the 1,2hydrogen shift leading to vinylacetylene. This would seem to imply at least a small barrier for conversion of vinylvinylidene to vinylacetylene.
In order to provide more infor- Top row: rain8 (cyclobutadiene), min2 (methylene cyclopropene), min9 (carbenecyclopropane).
Bottom row: minl0
(butatriene), min11 (bicyclobutene), mini2 (tetrahe-Orane). marion on this point, calculations were carried out to characterize the minimum energy path connecting vinylvinylidene to vinylacetylene.
The reaction pathway was obtained by following the gradient in both directions away from sp7. The Cartesian coordinates at the steps on the pathway are given in the PAPS, 22 while the ICCI energies at selected points along the pathway are given in Table Ill . From Table HI it is seen that the maximum in the energy along the path occurs very near sp7. Thus, the best estimate of the non-zero-point corrected barrier height is 0.9 kcal/mol. This is significantly smaller than the barrier height of 3.1 kcal/moi obtained for the 1,2 hydrogen shift in vinylidene.
From Table II the barrier for the conversion of vinylacetylene to vinylidene plus acetylene is 84.3 kcal/mol. This is in reasonable agreement with the estimated activation energy of 79.5 kcal/mol for the dissociation of vinylacetylene to two acetylenes by Kiefer et al. s Table IV shows relative energies for a number of isomers of C4H 4 obtained by the CCSD(T) method and Table V shows energies for calculations on the same structures using the ICCI method. Tables AIII and AIV of the PAPS 22 give the Cartesian coordinates and harmonic frequencies for these stationary points. Figure 4 shows the geometries of these isomers. The CCSD(T) calculations were carded out with 
